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a b s t r a c t
In seasonally dry climates, such as the Mediterranean, lack of rainfall in the usually wet winter may
originate severe droughts which are a main cause of inter-annual variation in carbon sequestration. Leaf
phenology variability may alter the seasonal pattern of photosynthetic uptake, which in turn is deter-
mined by leaf gas exchange limitations. The current study is based on the monitoring of an extremely dry
winter in an evergreen cork oak woodland under the Mediterranean climate of central Portugal. Results
are focused on net ecosystem CO2 exchange (NEE), phenology and tree growth measurements during two
contrasting years: 2011, a wet year with a typical summer drought pattern and 2012, with an extremely
unusual dry winter (only 10 mm of total rainfall) that exacerbated the following summer drought effects.
Main aims of this study were to assess the effects of an extreme dry winter in (1) annual and seasonal net
ecosystem CO2 exchange, and in (2) cork oak phenology. The dry year 2012 was marked by a 45% lower
carbon sequestration (−214 vs. −388 g C m−2 year−1) and a 63% lower annual tree diameter growth but
only a 9% lower leaf area index compared to the wet year 2011. A significant reduction of 15% in yearly
carbon sequestration was associated with leaf phenological events of canopy renewal in the early spring.
In contrast to male flower production, fruit setting was severely depressed by water stress with a 54%
decrease during the dry year. Our results suggest that leaf growth and leaf area maintenance are resilient
ecophysiological processes under winter drought and are a priority carbon sink for photoassimilates in
contrast to tree diameter growth. Thus, carbon sequestration reductions under low water availabilities
in cork oak woodland should be ascribed to stomatal regulation or photosynthetic limitations and to a
lesser extent to leaf area reductions.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction
Cork oak (Quercus suber L.) open woodlands cover an area
of about 2–2.5 million ha in the western Mediterranean (Aronson
et al., 2009). These are man-made ecosystems exploited with
Abbreviations: (C/N), carbon-to-nitrogen ratio; (DBH), diameter at breast height;
(DOY), day of year; (ET), ecosystem evapotranspiration; (GPP), gross primary pro-
ductivity; (LAI), leaf area index; (LAImax), maximum leaf area index; (LAImin),
minimum leaf area index; (LUE), light use efficiency; (NEE), net ecosystem exchange;
(PAR), photosynthetically active radiation; (PLC), percentage loss in hydraulic con-
ductivity; ( md), midday leaf water potential; ( pd), predawn leaf water potential;
(Reco), ecosystem respiration; (se), standard error of the mean; (SLA), specific leaf
area; (SWC), soil water content; (u*), friction velocity; (VPDmax), maximum vapor
pressure deficit.
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low-impact agro-forestry, with high biodiversity and conservation
value (Bugalho et al., 2011). In Portugal these woodlands cover
0.74 million ha and represent 23% of all forested area. Cork oak
has a significant economic value. It provides 0.7% of Portugal gross
domestic product and supplies 54% of the worldwide cork pro-
duction (Evangelista, 2010). Cork is a natural product consisting
of continuous annual layers of suberized tissue produced by phel-
logen, a secondary meristem wrapping the inner bark. Cork wine
bottle stoppers is the main product and to obtain commercial grade
cork stripping is done traditionally every 9 years. Cork removal can
only be safely done when the phellogen cells are actively dividing,
in late-spring and early-summer, to prevent injuries to the tree
(Costa et al., 2003).
Cork oak is well adapted to the adverse semiarid Mediter-
ranean climate and its ecophysiology has been well studied in
the last decades (e.g., Otieno et al., 2007; Pereira et al., 2009; Vaz
http://dx.doi.org/10.1016/j.agrformet.2015.01.017
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et al., 2010). Adverse conditions result mainly from scarce water
resources during a long dry summer season, usually coupled with
high temperatures and high radiation. In a seasonal climate such
as the Mediterranean, a drought is said to occur when precipita-
tion shortages, often coupled to high evaporative demand, reduce
moisture availability for an extended period during the normally
wet season (Pereira et al., 2006). Successful adaptations to cope
with water stress range from an efficient root and water trans-
port system (David et al., 2007; Kurz-Besson et al., 2006) to a tight
stomatal regulation at the leaf level, restricting water loss while
limiting the rate of CO2 assimilation (Otieno et al., 2007; Pinto et al.,
2012; Vaz et al., 2010). Nevertheless, and despite being consid-
ered drought resilient, a succession of dry years or severe stress
events may lead the trees to surpass their tolerance thresholds and
result in episodes of tree mortality (Pereira et al., 2009). In addi-
tion, the Mediterranean region is among the most sensitive regions
to climate change, with all recent climate projections forecasting
more frequent extreme events (Reichstein et al., 2013), such as heat
waves and severe droughts (e.g., Giorgi and Lionello, 2008).
In Mediterranean regions phenological patterns are strongly
influenced by a marked climatic seasonality and species evolved
to synchronize maximum vegetative activity to the most favor-
able periods of the year (Misson et al., 2011; Pinto et al., 2011;
Richardson et al., 2010). Timing of budburst and growing sea-
son length can directly impact net ecosystem carbon uptake
(Baldocchi, 2008; Richardson et al., 2010) and leaf age effects
on canopy carbon uptake (Niinemets et al., 2005). However, an
earlier spring onset can be associated with either enhanced or
decreased productivity later in the growing season (e.g., depend-
ing on interactions with water availability), and thus, early-season
gains can be offset by sustained late-season reductions in physio-
logical activity (Richardson et al., 2010). Therefore, the evaluation
of interactions between climate change effects, phenological
events and net ecosystem exchange requires specific ecosystem
scale analysis.
In the case of Mediterranean forests, droughts are a main
source of interanual variation in carbon sequestration as they
Table 1
General soil, climate, and vegetation characteristics in 2011 and 2012. Values are
means ± se.
Characteristic 2011 2012 Units
Soil
Organic matter 3.2 ± 0.2 (%)
C/N 19.3 ± 1.4
Carbon stock (up to 60 cm) 62.2 (t C ha−1)
Climate
Mean temperature 16.1 15.2 (◦C)
PAR 13033 13606 (mol m−2)
Reference evapotranspiration 1461 1469 (mm)
Total precipitation 800 469 (mm)
Total evapotranspiration (ET)a 454 340 (mm)
winter 75 (293) 103 (10) (mm)
spring 161 (217) 106 (113) (mm)
summer 148 (26) 84 (33) (mm)
autumn 69 (264) 47 (313) (mm)
Vegetation
Tree density 177 (trees ha−1)
Tree crown cover 50 (%)
Tree height 7.9 ± 0.26 (m)
Tree DBHb 24.7 ± 1.2 (cm)
Maximum LAIc 1.15 1.05 (m2 m−2)
Total tree C stock 33.7 (t C ha−1)
Shrubs above-ground C stock 0.34 ± 0.10 0.51 ± 0.18 (t C ha−1)
Grasses above-ground C stock 0.32 ± 0.05 0.10 ± 0.02 (t C ha−1)
a Numbers in brackets are seasonal precipitation.
b DBH, diameter at breast height.
c LAI, leaf area index.
strongly reduce gross primary productivity as well as net ecosystem
exchange (NEE) (Pereira et al., 2007). Under drought conditions, leaf
phenology may play an important role in controlling the temporal
dynamics of tree crown productivity and NEE, not only in deciduous
forests but also in evergreen species with a short leaf life-span. In
the latter (as it is the case of cork oak), senescence and development
of a new canopy in spring may control, to a large extent, the pat-
terns of photosynthetic uptake in the following growing season. We
hypothesized that a winter drought is liable to impose limitations
on leaf phenophase progression (e.g., budburst and leaf expansion)
which might exacerbate summer drought effects.
The current study is based on the monitoring of an extremely dry
winter (only 10 mm of total rainfall) in a certified evergreen cork
oak woodland under the Mediterranean climate of central Portugal.
Results are centered on ecosystem CO2 fluxes (micrometeorological
method, eddy-covariance technique), phenology and tree growth
measurements during two contrasting years: 2011, a wet year with
a typical summer drought pattern and 2012, with an extreme dry
winter that exacerbated the following summer drought effects.
Main aims of this study were to assess the effects of an extreme
dry winter in (1) annual and seasonal net ecosystem CO2 exchange
(NEE), and in (2) cork oak phenological events (e.g., budburst, tree
growth, and fruit setting).
2. Material and methods
2.1. Site description
In 2009 an experimental site was established at Herdade
da Machoqueira located in Central Portugal (39◦08′18.29′′N,
8◦19′57.68′′W). Vegetation consists of a ca. 50-yr-old cork oak (Q.
suber) open woodland with an understory of semi-deciduous shrub
species (e.g., Cistus sp. and Ulex sp.) and native grassland. This
understory vegetation is highly seasonal with growth beginning
after the autumn rains and lasting until June when grassland dies-
out and shrubs enter a quiescent period. Maximum leaf area index
measured in 2011 in the understory vegetation was 0.38 and 0.45
for shrubs and grassland, respectively (Correia et al., 2014). The cli-
mate is Mediterranean, with wet and mild winters and dry and hot
summers. Average annual precipitation is 680 ± 210 mm and mean
annual temperature is 15.9 ◦C (period 1955–2007, Inst. de Meteo-
rologia, Lisbon). The soil is a cambisol (FAO), with 81% sand, 5% clay,
and 14% silt, with roots mainly in the upper horizons (ca. 0–40-cm
depth) and some sinker roots taking water from deeper soil hori-
zons and subsoil. From observations from an underground tank the
water table is estimated to vary between 3 and 5 m depth. Other
general site characteristics are described in Table 1 for the studied
period.
2.2. Environmental parameters
Meteorological data on rainfall (ARG100; Environmental Mea-
surements Ltd., Gateshead, UK), photosynthetically active radiation
(BF2; Delta-T Devices Ltd., Cambridge, UK), air humidity and tem-
perature (CS215; Campbell Scientific, Inc., Logan, UT, US) were
collected continuously in 30-min time intervals (CR10X; Campbell
Scientific, Inc., Logan, UT, US). Soil volumetric water content was
measured up to 40-cm depth (2, 10, 20, 30, and 40 cm) with dielec-
tric soil moisture sensors in four different places (EC5; Decagon
Devices, Inc., Pullman, WA, US). These measurements were auto-
matically collected in a datalogger (Em50; Decagon Devices, Inc.,
Pullman, WA, US) as 30-min averages. Reference evapotranspi-
ration was determined according to the FAO Penman–Monteith
method (Allen et al., 1998).
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Fig. 1. Meteorological data during 2011 and 2012. (a) Daily air temperatures (◦C) and daily precipitation (mm). (b) Daily total incident photosynthetically active radiation
(PAR, mol m−2 d−1) and daily maximum vapor pressure deficit (VPDmax, hPa).
2.3. Phenological and ecophysiological measurements
Litter fall was collected by 16 baskets of 1 m2 placed in two
transects across the footprint area of eddy flux measurements and
sampled every 15 days throughout 2011 and 2012, with separation
of leaves, branches, male flowers (catkins), and acorns. Addition-
ally, litter fall was collected in six trees with four baskets each
placed at half distance of tree canopy radius. In these same trees,
budburst time and individual leaf dimension were registered in a
sampled branch per tree (selected in the south of the canopy) to
determine the start and duration of the leaf growth period. Tree leaf
area index (LAI) was calculated using leaf biomass from litter fall
(transects) and species specific leaf area (SLA) following Limousin
et al. (2009). Maximum LAI (LAImax) was assumed to be coincident
with the end of new leaf growth in that year and was determined by
the sum of the area of all leaves shed belonging to the leaf cohort of
that year. In each date LAI was determined by subtracting to LAImax
the area of all leaves shed until that date. Between budburst and
complete leaf expansion LAI increase was determined assuming a
linear leaf growth.
Tree height, tree diameter, and tree biomass per hectare was
estimated by measuring all tree diameters and heights in a
representative plot of 40-m radius. Tree above-ground biomass
components (leaves, trunks, and branches) were estimated sub-
sequently using species-specific allometric equations (Paulo and
Tomé, 2006).
Tree-stem diameter growth was measured with dendrome-
ter bands (±0.1 mm) installed in 12 trees with average diameter
33.2 ± 1.8 cm at breast height and registered every 15 days through-
out 2011 and 2012. Leaf xylem water potential was measured at
predawn ( pd) and midday ( md) with a Scholander-type pressure
chamber (PMS Instruments, Corvallis, OR, US) in six trees. Measure-
ments were done in early summer, day of year (DOY) 166 and 171,
and in the peak of the summer drought, DOY 263 and 256 for both
2011 and 2012, respectively.
2.4. Soil analysis
Soil samples were taken randomly from three 10-cm depth soil
profiles, together with undisturbed soil samples for soil bulk den-
sity calculations. Soil organic carbon concentration was determined
by the dry combustion method according to the International Orga-
nization for Standardization 10,694, using a CNS elemental analyser
(Leco CNS-2000, MI, US). Nitrogen concentration was determined
by Kjeldahl digestion analysis (Digestion System 40; Kjeltec Auto
1030 Analyser, DEcator, SE). Soil organic carbon content was deter-
mined using the method referred in IPCC (2003).
2.5. Ecosystem flux measurements
The fluxes of CO2, water vapor and sensible heat were continu-
ously measured (at 23.5 m above ground) by an eddy-covariance
Fig. 2. Daily values of soil water content (%) at 2 and 40 cm depth during 2011 and 2012.
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system installed at the top of a 22 m high tower. The system
consisted of a 3-D sonic anemometer (R3; Gill Instruments Ltd.,
Lymington, UK) and a closed-path infrared gas analyzer (LI-7000;
LI-COR Inc., Lincoln, NE, US), measuring the three components of
wind velocity and temperature, and the concentration of water
vapor and CO2. The inlet tube of the gas analyzer (8 m long) was
attached to one of the anemometer arms and operated with an
average flow rate of ca. 8 L min−1. The reference cell is flushed
with N2, and CO2 and H2O calibrations are done every 15 days.
Data were continuously acquired on a field laptop with EddyMeas
(Meteotools, Jena, DE; Kolle and Rebmann, 2007).
Eddy flux data was treated using the eddy-covariance data
acquisition and processing software package EddySoft and self-
written Python scripts. Fluxes were determined on a half-hourly
basis by block-averaging the 20 Hz data. Time lags between CO2 or
H2O signals and vertical wind velocity (2.8 and 5.1 s, respectively)
were determined through cross correlation analysis following
Aubinet et al. (2000). Whenever this cross correlation failed, the
dependency on relative humidity was used to determine the lag for
the H2O signal (Ibrom et al., 2007). High frequency losses were com-
pensated with the use of inductances derived from co-spectrum
analysis (0.1 and 0.44 for CO2 and H2O, respectively) (Eugster and
Senn, 1995). The sectorial planar fit method was used for the coor-
dinate rotation of wind vectors (Rebmann et al., 2012; Wilczak
et al., 2001). Moisture and cross wind correction were applied after
Schotanus et al. (1983). The storage term of CO2 was calculated
according to Hollinger et al. (1994) and added to the turbulent CO2
flux.
For quality control, flags were determined for every half-hourly
flux value including the following tests: 20 Hz data was scanned for
exceeded physical limits, change rates, and variances; a stationarity
test was applied to the high frequency data based upon a 50% devi-
ation criterion (Foken and Wichura, 1996); on a half-hourly basis
a friction velocity (u*) filtering and the integral turbulence char-
acteristics were calculated following Thomas et al. (2002) with a
30% deviation criterion; a spike detection routine was used based
on the absolute median deviation principle (Papale et al., 2006).
All quality control tests were summed up in a simplified flag sys-
tem (Mauder and Foken, 2011). Total data gaps during the whole
study period, due to missing and rejected data, were about 42%.
Gap filling and flux-partitioning methods proposed by Reichstein
et al. (2005) were used to fill data gaps and to separate the net
ecosystem exchange (NEE) into gross primary productivity (GPP)
and ecosystem respiration (Reco).
Fluxes footprints were estimated for both studied years using
the ART footprint tool (Neftel et al., 2008). During the two years
of observations, the diurnal average footprint ellipse length was
683 m (51 ha), being the fluxes predominantly originated (average
91%) from cork oak woodland with high tree density (>100 trees
ha−1) with an understory of shrub species and grassland. The uncer-
tainties in the annually integrated values of NEE were calculated
using the ‘daily-differencing’ approach, as described by Richardson
et al. (2006). The accumulated random errors in measured net CO2
fluxes were ±5.4 and ±4.5 g C m−2 year−1 in 2011 and 2012, respec-
tively. Nevertheless, all estimated NEE annual sums have to be
interpreted with some caution due to the effect of systematic errors.
2.6. Data and statistical analysis
Light use efficiency (LUE) was calculated as the ratio between
daily-integrated gross carbon assimilation (i.e., GPP) and the
daily-integrated incident photosynthetically active radiation (PAR),
expressed in mg C mol−1. Three periods of approximately 15 days
each were used in each year to characterize seasonal changes
in LUE: maximum rate of leaf fall – coincident with minimum
LAI (early spring), peak of leaf growth period – coincident with
maximum LAI (early summer) and peak of summer drought stress
– coincident with the lowest  pd (late summer). Mean light use effi-
ciencies in these three periods were calculated using original and
high quality gapfilled data and only considering days with similar
PAR (52.9 ± 1.7 mol m−2 d−1).
To examine differences between variables (e.g., litter fall com-
ponents and leaf water potential) we used one-way ANOVA. When
ANOVA assumptions where not met, namely normal distribu-
tion of the data and homogeneity of variances, non-parametric
Kruskal–Wallis test was carried out. Analysis were performed
using STATISTICA (Version 7, StatSoft, Inc., 2004). Seasonal data
comparisons were done considering, e.g., winter corresponding to
January + February + March (e.g., 3-months sums of NEE).
3. Results
3.1. Meteorology and soil water availability
Meteorological conditions in the study period were quite con-
trasting: 2011, a wet year with a typical summer drought pattern
and 2012, with an extremely unusual dry winter that exacerbated
the following summer drought effects. The year 2011 was relatively
wet with annual rainfall (800 mm) 18% higher than the long-term
average (680 mm). Conversely, 2012 was dry: with an annual rain-
fall (469 mm) 31% lower than the long-term average (Table 1). In
particular, 2012 had an extreme low winter rainfall of only 10 mm
(Fig. 1a), and winter/spring rainfall was 76% lower than in 2011.
Nevertheless, in April and May 2012 a total of 111 mm of rain was
recorded, attenuating the drought effect of the previous period.
Although 2012 was a dry year, its annual average temperature was
lower than that of 2011 (15.2 vs. 16.1 ◦C, respectively, Table 1). In
particular and remarkably, April 2011 showed an extremely high
average temperature (17 ◦C), whereas 2012 presented an unusually
low average temperature (11 ◦C), both years contrasting with the
50-year April average of 13.5 ◦C. Furthermore, the 2011 summer
drought extended through October with high temperatures until
the onset of autumn rains in November, whereas in 2012 autumn
rains started 30 days earlier (Fig. 1a).
Due to a higher quantity of sunny days in the first three months
of 2012 total PAR was 57% higher than in the same period of 2011.
Despite the significant lower total rainfall in 2012, the average of
daily maximum vapor pressure deficit (VPDmax) was only slightly
higher in the summer months of 2012 compared to 2011 (28 vs.
25 hPa, respectively) (Fig. 1b).
Volumetric soil water content (SWC) followed closely precip-
itation events and both at 2 and 40-cm depth, SWC in 2012 was
noticeably lower than in 2011 (Fig. 2). Differences in SWC during
2012, compared to 2011, were progressively larger as time pro-
gressed: reductions of 29, 51, and 72% at 40-cm depth in winter
(21 vs. 15% SWC), spring (21 vs. 10% SWC) and summer (14 vs. 4%
SWC), respectively. Upon soil rewetting with the autumn rains SWC
increased similarly in both years.
3.2. Ecosystem CO2 fluxes
Total annual CO2 fluxes clearly showed the effect of the extreme
dry winter of 2012 by reducing carbon sequestration: absolute
CO2 uptake decreased from −388 in 2011 to −214 g C m−2 year−1
in 2012 (Fig. 3c). However, there were noticeable seasonal differ-
ences in NEE between years. Even though 2012 started with three
very dry months, absolute CO2 uptake in this 90-day period was
significantly higher than in the same period of 2011 (−111 vs.
−56 g C m−2, respectively) (Fig. 3c). Following this period, after DOY
90 of 2011 there was a noticeable decrease in absolute NEE daily
values, going from an average of −28 in March to −15 g C m−2 in
April in spite of the more favorable climatic growing conditions
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Fig. 3. Daily values of gross primary productivity (GPP, grey closed circles), ecosys-
tem respiration (Reco, grey open circles) and net ecosystem exchange (NEE, black
line) during 2011 (a), 2012 (b) and cumulated NEE (c). Negative values represent
carbon sequestration in the ecosystem while positive values represent carbon emis-
sions to the atmosphere. The strong black line in panels (a) and (b) stands for a 10-day
running average.
of air temperature and PAR in the latter. Similarly, an even more
striking decrease in absolute NEE occurred in 2012 after DOY 115
(−18 to −1 gC m−2, from April to May, respectively). In both years,
this low carbon sequestration was the result of a decrease in GPP
and smaller increases in Reco (Fig. 3a and b). In fact, in a compari-
son between the period before the onset of leaf fall and the period
coincident with the highest leaf fall, absolute GPP decreased 9 and
35%, whereas Reco increased 5 and 11% in 2011 and 2012, respec-
tively. Considering the average decrease in C uptake in this leaf
fall period of canopy renewal (ca. 30-day), the reduction in carbon
sequestration represents on average a 15% reduction of yearly NEE.
It is worth mentioning that the observed peak in Reco around DOY
135 in 2012 occurs much later than the first precipitation events
(25 mm in DOY 90–105), and thus, should not be related with a soil
respiration pulse (due to soil heterotrophic respiration) after the
3-month winter dry period. Interestingly, on an annual timeframe,
the ecosystem is occasionally a source of carbon to the atmosphere,
during these short spring periods and in the end of the year after
the onset of autumn rains (Fig. 3a and b).
After these low carbon sequestration spring periods, abso-
lute GPP gradually increased, reaching maximums of 9.1 and
7.5 g C m−2 day−1 in DOY 136 and 153 in 2011 and 2012, respec-
tively. When comparing CO2 fluxes along the growing season
(April–September) in both years, there was a 45% lower absolute
GPP in the dry 2012 compared to 2011 (574 and 1039 g C m−2,
respectively) in parallel with a 35% lower Reco (435 and 671 g C m−2,
respectively). Nevertheless, while in 2011 high values of carbon
assimilation were maintained until DOY 190 to only subsequently
decrease gradually until the end of summer, in the dry 2012 the
decrease in GPP occurs abruptly after DOY 160 (Fig. 3a and b). In
fact, from July to September 2012 a 66% decrease in carbon seques-
tration contrasts with the same period of 2011 (NEE of −61 and
−178 g C m−2, respectively).
Around DOY 240 in 2011 an isolated 22 mm rain event caused
an ecosystem CO2 efflux to the atmosphere mostly due to a soil
respiration pulse as a consequence of soil rehydration (Fig. 3a). With
the onset of autumn rains the ecosystem turned into a permanent
source of carbon to the atmosphere with a higher Reco than GPP
throughout autumn/early winter.
3.3. Light use efficiency
The main seasonal variation and interanual differences in LUE
can be perceived in Fig. 4. In the early spring, when leaf fall was
more intense and tree LAI was in its minimum, LUE was signifi-
cantly higher in 2011 than in 2012 (93 ± 6 vs. 69 ± 9 mg C mol−1,
respectively). This difference was the result of higher LAI in 2011
in comparison to 2012 (Fig. 6) in this tree canopy phenophase. In
late spring/early summer, LUE showed the highest values in both
years in accordance with maximum LAI due to canopy renewal.
Differences in LUE became highlighted in late summer both among
seasons and between years. Whereas, in 2011 LUE was maintained
relatively high during summer drought stress it showed the lowest
annual values in 2012 (90 ± 3 vs. 38 ± 3 mg C mol−1, respectively).
When comparing the reduction of LUE from the peak of the growing
season (early summer) to the peak of drought stress, carbon assim-
ilation was much less affected in 2011 than in 2012 (on average
−40% vs. −72%, respectively). During winter and autumn seasons
LUE showed no differences between years with relatively high val-
ues (92 ± 5 mg C mol−1, on average) as a result of much higher
decreases in PAR than in GPP.
3.4. Tree leaf water potential
Tree leaf water potential measured in early summer of both
years indicated no signs of water deficits as shown by the high  pd
values and low  md (Table 2). However, by late summer 2012 a
clear water stress had developed with  pd reaching −2.2 MPa, and
its small difference to  md suggests a high stomatal closure. Con-
versely, in 2011, the higher water availability in summer is apparent
Fig. 4. Light use efficiency (LUE, mg C mol−1) over the seasons of 2011 and 2012.
Mean LUE was calculated for early spring (2011: DOY 94–107 and 2012: DOY
125–144), early summer (2011: DOY 164–181 and 2012: DOY 151–163) and late
summer (2011: DOY 240–259 and 2012: DOY 245–261) in days with similar PAR
(52.9 ± 1.7 mol m−2 d−1, n = 10–15). Values are means ± se. Different letters repre-
sent statistical significance at P < 0.05, no letters means no differences.
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Table 2
Predawn ( pd) and midday ( md) tree leaf water potentials (MPa, n = 6) measured
during 2011 and 2012 in early and late summer. Values are means ± se. Different
letters represent statistical significance at P < 0.05, no letters means no differences.
Leaf water
potential
Early summer Late summer
(MPa)  pd  md  pd  m
2011 −0.9 ± 0.1 a −1.7 ± 0.1 −1.3 ± 0.1 a −2.2 ± 0.1
2012 −0.4 ± 0.02 b−1.6 ± 0.2 −2.2 ± 0.2 b −2.4 ± 0.2
Measurements: DOY 166 and 263 (2011) and DOY 171 and 256 (2012).
Table 3
Total annual litter fall and litter fall components during 2011 and 2012 in
g m−2 year−1. Values are means ± se (n = 6). Different letters represent statistical
significance at P <n0.05, no letters means no differences.
Litter component 2011 2012
Leaves 190 ± 10 a 151 ± 13 b
Branches 47 ± 9 38 ± 9
Fruits 8 ± 2 a 4 ± 1 b
Flowers (catkins) 13 ± 4 17 ± 7
Other 3 ± 1 2 ± 0.6
Total litter fall 261 ± 18 a 211 ± 23 b
from the higher  pd and low  md, maintaining the stomatal con-
ductance in accordance to the exhibited higher productivities.
3.5. Tree litterfall and phenological development
Leaves and branches were the main components of litter fall,
representing on average 72 and 18% of total litter fall in both years.
However, the mean quantity of shed leaves and branches decreased
about 20% in 2012 compared to 2011 (Table 3). Fruits and catkins
showed opposite trends in 2012: fruits decreased by 54% whereas
catkins increased 28% although showing a higher variability among
trees.
Budburst in 2011 started in mid-April (DOY 111), ca. 30 days
earlier than in 2012 (Fig. 5). Catkins also developed earlier in 2011
than in 2012, concomitantly with leaf expansion period, although
completing their development earlier and being all shed by DOY
137 and 158, respectively. Due to the later budburst in 2012 the
completion of leaf expansion was also delayed until early summer
(ca. DOY 187). Similarly, fruit fall started and ended later in 2012
Fig. 5. Total cumulative leaf fall during 2011 and 2012 in g DM m−2 and time interval
of different phenological stages. Values are means ± se (n = 6).
Fig. 6. Tree leaf area index (LAI) during 2011 (a) and 2012 (b). The dash line repre-
sents LAI of old leaves matured in the previous spring.
than in 2011. Leaf fall occurred mainly between DOY 95 and 187
in 2011 and 2012 (69 and 77% of total leaves shed, respectively). In
both years the first period of leaf fall is the most intense with highest
shedding rates. However, different patterns of leaf shedding can be
evidenced between years. Leaf fall started earlier in 2011 than in
2012 (ca. DOY 95 vs. 132, respectively) although with a noteworthy
higher intensity of leaf shedding in 2012 (2.3 vs. 3.8 g m−2 day−1,
respectively).
3.6. Tree leaf area index
Tree leaf area index (LAI) is in direct relation with leaf fall and
new leaf growth during the spring (Fig. 6). The lower intensity of
leaf fall during the spring of 2011 led to a smoother transition of
old to new leaves in the canopy which is reflected in a higher min-
imum LAI in 2011 on DOY 111 when compared to the minimum
LAI in 2012 on DOY 146 (0.56 vs. 0.2 m2 m−2, respectively). In addi-
tion, this period of canopy renewal and concomitantly low LAI is
in accordance to a low carbon sequestration and lower values of
LUE in both years (Figs. 2 and 4). Furthermore, due to the earlier
canopy renewal in 2011, LAImax was also reached earlier than in
2012 (ca.DOY 158 vs. 187, respectively) which extended the grow-
ing season in a favorable period of water availability. Due to the
different leaf fall intensities between years the relative contribu-
tion of older leaves (matured in the previous spring) to each year
LAI is also diverse. Therefore, in the early summer of 2011 old leaves
contributed with 15.5% to LAImax whereas in 2012 its contribution
was restricted to 2.5%. Nevertheless, in both years by DOY 270 all old
leaves were shed. Despite greater leaf fall during 2011 than in 2012,
LAImax was 9.5% higher with 1.15 and 1.05 m2 m−2, respectively.
3.7. Tree diameter increment
Tree diameter increment started earlier in 2011 than in 2012
(DOY 61 vs. 76, respectively) and with sustained higher daily incre-
ments throughout the growing season (Fig. 7). In fact, maximum
diameter growth rates in 2011 were double of those in 2012 (ca.
2 vs. 1 mm month−1, respectively). Furthermore, the duration of
the growth period extended in 2011 till the end of the summer
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Fig. 7. Tree diameter increment (mm) during 2011 and 2012. Values are means ± se
(n = 9).
(DOY 270) whereas in 2012 tree diameter increment was inhibited
by drought conditions in the middle of the summer even with a
decrease in trunk diameter in the period DOY 228–250. Worth men-
tioning is the halt observed in tree diameter increment between
DOY 127 and 156 in the spring of 2012 whereas in 2011 there
were continuous growth increments. In addition, a large increse
in 2011 was recorded after the first autumn rains in contrast to
2012. Overall, total annual diameter increment in 2012 decreased
63% compared to 2011 (8.8 vs. 3.3 mm, respectively).
4. Discussion
4.1. Ecosystem CO2 fluxes and seasonal patterns
The values for our cork oak ecosystem carbon balance – with
an average NEE of −301 g C m−2 year−1 – compare well with flux
measures of carbon sequestration in related Mediterranean oak
ecosystems. For example, a Quercus ilex forest in southern France
showed an average NEE of −278 g C m−2 year−1 (Allard et al.,
2008) and a closed canopy mature Quercus cerris forest in Cen-
tral Italy −288 g C m−2 year−1 (Baldocchi et al., 2010). However,
when comparing with savannah-like, open woodlands in a similar
climatic region, this cork oak woodland showed higher produc-
tivities: a Q. ilex open woodland in southern Portugal presented
−87 g C m−2 year−1 (Baldocchi et al., 2010). The main reasons for
this higher productivity can be attributed to a higher LAI (1.1 vs.
0.5, respectively) and to a higher soil water availability to the tree
roots which is suggested by the much higher ET (397 mm year−1,
Table 1) in comparison to the low ET in the Q. ilex open woodland
(155 mm year−1, Baldocchi et al., 2010).
In this Mediterranean climate with marked seasonality the cork
oak ecosystem showed a productivity peak in June and July. There
was a time-lag between soil water availability and carbon seques-
tration, reflected in a prolonged productivity throughout summer
which only significantly declined after an extreme dry winter as
happened in 2012. As a result, a marked difference is observed in
comparison to other Mediterranean, such as Q. ilex ecosystems,
where more than 80% of the yearly NEE occurs between March
and June and in summer becomes a source of carbon to the atmo-
sphere (e.g., Allard et al., 2008; Pereira et al., 2007). Whereas in
our site, regardless of the year, 48% of the total annual C sequestra-
tion occurred during this period with a further significant carbon
sequestration in the summer months (44 and 26% in 2011 and
2012, respectively). Thus, the high annual NEE in our cork oak
woodland, with relatively low LAI, should be attributed to an
extended length of the growing season through summer period
linked both to higher soil water availabilities and most probably
to the presence of a reachable water table (ca. 4–5 m deep) by
the tree roots. A Q. ilex forest located in a site (Castelporziano,
Italy) with low annual rainfall (781 mm) exhibited a NEE comprised
between −547 and −660 g C m−2 year−1 (Tirone et al., 2003). This
high NEE was explained by the presence of a shallow ground water
table that reduces water limitation during the summer. Recently
it was reported strong evidence that Q. suber trees use predom-
inantly soil water during most of the year and groundwater in
summer (performing hydraulic lift) when the surface soil is dry
(David et al., 2013; Besson et al., 2014; Pinto et al., 2013). In addition,
the fact that in both years the minimum daily GPP were registered
in the autumn/winter days rather than in the summer (Fig. 3a and
b) support that summer water stress was only partially limiting
GPP.
Although changes in spring phenology exert a major influ-
ence on the carbon balance of temperate and boreal deciduous
forests (e.g., Baldocchi et al., 2001; Baldocchi, 2008; Richardson
et al., 2010) its effect in evergreen Mediterranean oaks is less evi-
dent since phenological changes are not clearly associated with
a carbon source–sink transition. For example, Richardson et al.
(2010) showed that productivity of evergreen needleleaf forests
is less sensitive to phenology variability than deciduous broadleaf
forests. However, among evergreen Mediterranean oak species
Q. suber leaf habits are singular in that leaf life-span is gener-
ally short – ca. 12 (Oliveira et al., 1994; Pereira et al., 1987)
to 15 months (Escudero and Mediavilla, 2003) – and leaf fall is
highly concentrated in a short period of time (Caritat et al., 1996,
2006; Oliveira et al., 1994). These specific traits had a marked
influence in the spring carbon balance of the studied cork oak
woodland. Thus, in both years a clear carbon sequestration depres-
sion is associated to leaf canopy renewal where the ecosystem
becomes a temporary carbon source (Fig. 3). This reduction in
carbon sequestration in April 2011 and May 2012 represents on
average a 15% reduction of yearly NEE. Two orders of reasons
explain this fact: first, the noticeable transitory decrease in leaf
area due to intense leaf fall which led to an average reduction
of 49% in LAI (Fig. 6) and, second, a decoupling between tree
canopy carbon uptake and respiration in this period. In fact, abso-
lute GPP decreased and Reco increased in the most intense phase of
leaf fall relatively to prior leaf fall onset (Fig. 3). This decoupling
is expected both from carbohydrate and nitrogen translocation
during leaf senescence associated with reduced photosynthetic
capacity (Escudero and Mediavilla, 2003; Niinemets et al., 2005)
and from a negative carbon balance in the emerging new leafs
with incipient photosynthesis and high growth respiration costs
(Dickson, 1989).
Q. suber growth may be limited in winter both by low tem-
peratures (Aranda et al., 2005) and low incident radiation. In
2012 – where carbon sequestration in winter was 45% of yearly
total (Fig. 3c) – a large increase in absolute NEE was observed
by comparison to 2011 in response to a 57% higher incident
PAR, although air temperatures were similar in both years for
this period (Fig. 1). Thus, and since precipitation was practi-
cally inexistent (10 mm), tree productivity in winter seems to
be highly dependent on available incident radiation. This clearly
puts into perspective the advantage of evergreeness in environ-
ments with relatively mild winters where air temperatures do
not strongly limit carbon uptake. Leaf persistence allows a signif-
icant ecosystem productivity to be achieved outside of the most
favorable growing period – spring to early summer – through an
adjustment of growth to environmental resources availability (e.g.,
Baldocchi et al., 2010). This feature is particularly relevant under
the highly variable Mediterranean climate and considering the
actual susceptibility of the Mediterranean region to winter/spring
climatic changes, namely in temperature and precipitation
(e.g., Giorgi and Lionello, 2008).
F. Costa-e-Silva et al. / Agricultural and Forest Meteorology 204 (2015) 48–57 55
4.2. Effects of extreme dry winter on CO2 fluxes
The effect of a severe dry winter and a consequent low soil water
refilling in 2012 led to a 45% decrease in annual carbon uptake in
relation to 2011, from −388 to −214 g C m−2 year−1, respectively.
This decrease in absolute NEE for the cork oak woodland is similar to
that reported for a Q. ilex forest (51%, Allard et al., 2008) but lower
than the 64% decrease found in a Q. ilex open woodland (Pereira
et al., 2007) during years of severe drought. However, in this Q.
ilex open woodland with a low tree crown cover (ca. 30%) a large
proportion of NEE was attributable to the carbon assimilated by its
annual vegetation component, which was strongly affected by the
shortage of rain in winter (Pereira et al., 2007).
The drought effects in 2012 carbon sequestration differed
among seasons. Nevertheless, it was in summer that the ecosystem
was more affected by the low water availability with reductions
of 44% in ecosystem evapotranspiration (Table 1) and 66% in car-
bon sequestration relative to summer 2011. This lower net C
uptake during summer 2012 was the result of carbon assimilation
being more hindered than ecosystem respiration due to drought
(decreases of 46 and 33%, respectively, relative to summer 2011).
The summer drought stress in 2012 reflected in lower tree leaf
water potentials (Table 2) and lower light use efficiency (Fig. 4).
Even though Q. suber is considered a drought resilient tree well
adapted to the adverse semiarid summer conditions (e.g., Pereira
et al., 2009), a photosynthesis decrease usually occurs as the result
of stomatal closure to regulate transpiration losses (e.g., Besson
et al., 2014; Vaz et al., 2010) and photoinhibition (Werner and
Correia, 1996). Even under the less-limited water supply conditions
in 2011, stomata closure seems to have been still controlling tran-
spiration losses, although later in the summer. This results from
the evolutionary safety function of stomata to prevent leaf water
potential to fall below a cavitation threshold (Buckley and Mott,
2002) that would lead to catastrophic damages in the root-leaf
hydraulic pathway (Tyree and Sperry, 1988), i.e., losses in water
transport capability. In both years the minimum leaf water poten-
tials measured in the peak of summer water stress ( md, Table 2)
were above the −2.9 MPa water potential threshold, which causes
a 50% loss in hydraulic conductivity (50 PLC) due to embolism in
Q. suber shoots (Pinto et al., 2012). Thus, by forfeiting summer car-
bon uptake due to the deep root system and an efficient stomatal
control, cork oak trees succeeded in maintaining the minimum leaf
water potential above the 50 PLC embolism threshold, throughout
the experimental period. This also explains why leaf area index
was relatively stable during the two years of observation. Vilagrosa
et al. (2003) report that leaf dieback only occurs when stomata reg-
ulation is no longer effective, allowing PLC to rise and leaf water
potential to drop (typically to around −5 MPa). Nevertheless, in the
summer drought stress period of 2012 the observed safety mar-
gins above the 50 PLC threshold were narrower and photosynthetic
limitations higher, reflecting the general observed GPP reduction
(Fig. 3b).
4.3. Effects of extreme dry winter in tree growth and phenology
Annual stem diameter growth decreased 63% in 2012 compared
to 2011 (Fig. 7). The seasonal reductions in tree diameter growth
follow the same pattern as NEE in spring and summer. Thus, diame-
ter growth reductions in 2012 relatively to 2011 were much higher
in summer (76%) than in spring (48%). However, if summer growth
impairment can be directly linked to the observed low soil water
availabilities and photosynthetic limitations (as discussed above),
in the wet spring the absence of tree water stress call for a fur-
ther understanding. It has been shown that spring growth flush in
evergreen trees depend both on currently fixed and stored carbo-
hydrates from the previous seasons (Cerasoli et al., 2004; Dickson,
1989) and that those are closely involved in early xylem differen-
tiation in Q. suber trees (Aguado et al., 2012). In our case we can
dismiss the hypothesis of stored carbon differences between both
years in early spring since previous growing conditions were sim-
ilar or even more favorable during the winter 2012 (Fig. 3). More
probably the decrease in stem diameter growth during spring 2012
can be ascribed to three orders of interconnected effects: (1) a
shorter favorable growing season length due to a later budburst
(ca. 30 days); (2) higher intensities of leaf fall and a consequent –
although temporary – much lower LAI and (3) a potential lower
canopy nitrogen content (see below).
It has been reported that for Mediterranean oak species air
temperature is the main environmental driver for budburst tim-
ing (e.g., Morin et al., 2010; Pinto et al., 2011; Sanz-Perez et al.,
2009). Although thermal times and base temperatures could not
be estimated from our data, the fact that the month of April pre-
ceding budburst date in 2011 exhibited an average air temperature
6 ◦C higher than in April 2012 (Fig. 1) supports that air temperature
increase was the main cause for the 30-day earlier budburst in 2011.
The extent of this advance agrees with results from Sanz-Perez
et al. (2009) where budburst occurred 6–10 days earlier per degree
spring temperature increase. This high sensitivity of budburst to
changing environmental conditions reflect a phenological plastic-
ity that allow plants in drier zones to extend the growing period
before summer drought (Bertero et al., 2000). The immediate con-
sequence of an earlier budburst is the lengthening of the growing
season allowing trees to reach maximum photosynthetic capability
earlier in the most favorable stages of the growth season, i.e., late
spring and early summer. It has been generally reported that longer
growing seasons lead to higher net ecosystem carbon uptakes (e.g.,
Richardson et al., 2010) in the order of a further 3.7 g C m−2 per
day in evergreen broadleaved forests and Mediterranean oak–grass
savannah (Baldocchi, 2008).
Relative to 2011 a higher intensity of leaf shedding was observed
in 2012 in the early spring. As a result, the minimum LAI in 2012 was
65% lower than in 2011 (Fig. 6). This was reflected both in a steeper
absolute NEE decrease (Fig. 3) and in a concomitant stem diameter
growth stop in the same period (DOY 127–156, Fig. 7) in contrast
to 2011 where stem diameter growth rates were sustained. This
strongly suggests that stored and current carbon uptake were insuf-
ficient in spring 2012 for meeting growth sink demands and that
new leaf expansion was a priority sink in contrast to diameter stem
growth, in accordance to its much larger reduction when compared
to LAI (48 vs. 9%, respectively). Thus, assuring tree canopy renewal
and maintaining a relatively stable LAI seems to be an ecological
trait preserved even under extreme low winter precipitation and
reflects Q. suber resilience to drought. Maintaining a threshold LAI in
these Mediterranean type climates may allow cork oak ecosystems
to optimize productivity under a water-availability uncertainty,
relying in morphological traits (e.g., deep roots) and physiological
responses (e.g., stomatal regulation) to face unpredictable season-
ally water stresses. However, the magnitude and timings of drought
events can have significant different LAI costs as was shown for
an extreme spring drought in a Q. ilex forest occurring in paral-
lel with leaf phenological development, leading to critical impacts
impairing ca. 50% of leaf unfolding (Misson et al., 2011).
Finally, we can speculate that during spring 2012 there was a
lower canopy nitrogen content with a consequent lower carbon
uptake capacity. This is plausible given the high intensity of leaf fall
during the spring of 2012 indicating that sink organs were acceler-
ating senescence rate in old leaves to satisfy their nitrogen demand.
This was perhaps the result from low rates of nitrogen uptake in
roots since low shallow soil water availability in spring (Fig. 2) may
have led to low soil nutrient availability for surface roots (Ryel et al.,
2010) in a soil with an a priori low nitrogen content (Table 1).
This hypothesis is supported by Ono et al. (1996) showing that
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nitrogen deficiency in new organs changes with sink development
and nitrogen uptake rates, and that the rate of leaf senescence is
well correlated to nitrogen deficiency.
In contrast to male flower production fruit setting was highly
depressed by water stress showing a reduction of 54% during
the dry year of 2012 (Table 3). There is evidence that summer
drought impairs fruit development through the abortion of imma-
ture acorns in Mediterranean oaks (e.g., Montserrat-Marti et al.,
2009; Perez-Ramos et al., 2010). Female flower maturation and
the following acorn growth occur from early summer up to early
autumn (Misson et al., 2011; Oliveira et al., 1994) which makes
these phenophases highly dependent on soil water availabilities
and photoassimilates produced throughout summer. On the con-
trary, male flowers are produced in early spring – in synchrony
with leaf expansion (Fig. 5) – although being considered to have
low carbon costs and low sink priority compared to fruits and
even to vegetative growth (Ho, 1992). This would explain a reg-
ular male flowering much less dependent on drought effects as
it was observed in spring 2012. A similar result was reported by
Misson et al. (2011) for Q. ilex under an extreme spring drought.
Furthermore, in accordance to our results Penuelas et al. (2004)
and Montserrat-Marti et al. (2009) showed that most of species –
including Quercus species – delayed flowering and fruit maturation
during dry years.
5. Conclusions
In summary, cork oak woodland net ecosystem CO2 exchange
and phenology adjustments were studied here for the first time.
Among evergreen Mediterranean oak species Q. suber leaf habits
are singular in so far as leaf life-span is short and leaf fall is highly
concentrated in a short spring period. Leaf phenological events of
canopy renewal are associated with an average 15% reduction of
yearly carbon sequestration. Both, soil water availability and the
extension of the favorable growing season in spring and early sum-
mer – as controlled by budburst date and leaf expansion period –
were equally determinant for the lower annual carbon sequestra-
tion in the dry year of 2012. Furthermore, our results suggest that
new leaf growth in spring and maintenance of a relatively stable
leaf area index are ecophysiological traits preserved even follow-
ing an extreme dry winter. On the contrary, tree diameter growth
is not a priority sink for photoassimilates. Thus, cork oak woodland
reductions in carbon sequestration under low water availabilities
are mainly due to stomatal or photosynthetic limitations and to a
much lesser extent to leaf area reductions. The present work adds
some new insights on how ecosystem carbon sequestration sea-
sonality may interact with a changing phenology under climate
change.
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